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Adoption of conservation tillage can lead to substantial environmentrd benefits from re-
duced soil erosion. But benefits may be partially offset if adoption increases reliance on
agricultural chemicals. Using area study data from the Cornbelt, this study examines factors
affecting adoption of no-till and other conservation tillage systems and their effect on
chemical use and com yield. The results find no evidence that herbicide or fertilizer ap-
plication rates are higher on fields with conservation tillage systems compared with con-
ventional tillage. However, insecticide use may increase somewhat and yield may be lower.
Current demographic trends in U.S. agriculture favor continued diffusion of conservation
tillage.
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The gradual increase in adoption of conser-
vation tillagel since the 1960s has attracted
considerable attention from within and outside
agriculture due to its implications for agricul-
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1The Natural Resource Conservation Service de-
fines conservation tillage as a system thatmaintains at
least 30% crop residue cover afterplanting. No till and
ridge till are well-defined tillage systems thatmeet this
criterion. Other types of tillage practices that achieve
atleast 30V0 soil cover are called rmdch tiltage systems.
By 1993, one-third of U.S. cropland was cultivated
with some type of conservation tillage (USDA). “Min-
imum tillage” or “reduced tillage” include tillage sys-
tems that break up but do not invert the soil (i.e. the
non-use of a moldboard plow). Reduced and minimum
tillage systems often do not leave sufficient crop resi-
due to meet the conservation tillage criterion (Cros-
son).
tural productivity and environmental quality
(Crosson; Gebhardt et al.). Less intensive till-
age significantly reduces soil erosion and
saves labor, fuel, and machinery costs. How-
ever, it may also lower crop yields and in-
crease use of agrichemicals as farmers com-
pensate for less tillage. Environmental gains
from reduced soil erosion may be offset by
increased reliance on chemical fertilizers and
pesticides (Crosson; Heimlich and Ogg; Setia
and Piper).
While studies of conservation tillage have
clearly demonstrated significant environmental
benefits from reduced soil erosion, much less
is known about environmental costs from
changes in chemical use. Heimlich and Ogg
used a linear programming model to assess
soil conservation and pesticide use tradeoffs
in North Carolina corn production. They as-
sumed that more pesticides are used with no-
till than conventional tillage and evaluated to-
tal pesticide exposure from alternative
chemical strategies. They demonstrated that
the negative effects of increased pesticide use134 Journal of Agricultural and Applied Economics, April 1999
in no-till systems could be minimized by se-
lecting chemicals with more favorable envi-
ronmental characteristics. Setia and Piper used
a simulation model to assess the consequences
of alternative tillage and chemical systems in
the Cornbelt. They also assumed that conser-
vation tillage involves higher pesticide use,
and determined that the expansion of com and
soybean acreage under conservation tillage
would increase the amount of pesticides
leached to ground water. One of the few stud-
ies to assess the actual (versus simulated or
assumed) relationship between tillage choice
and pesticide application is Bull et al., which
compared herbicide application rates among
different tillage systems for corn and soybeans
in the Midwest. Using a simple means test ap-
plied to three years of farm survey data, they
found no consistent increase in herbicide use
in conservation tillage systems. They surmised
that weather, soil types, cropping patterns, op-
erator experience, and inherent weed problems
were more important factors than tillage in ex-
plaining the variation in herbicide use among
farms. They did, however, find significant dif-
ferences in the type of herbicides applied
among tillage system. No-till farmers were
more likely to use more than one kind of her-
bicide compound than were farmers using
conventional tillage.
This paper provides further evidence on the
relationship between tillage and agrichernical
use. Using recently available data that link
cropping practices to farm resource character-
istics, a recursive system of equations is esti-
mated to determine how agricultural chemical
use and crop yield are affected by the adoption
of conservation tillage systems. The first equa-
tion examines the choice of tillage system us-
ing a multinominal logit model. A seccnd set
of equations explores the effect of tillage and
other variables on the quantity and quality of
chemicals applied and on crop yield. The
model is estimated with area study data from
a sample of farms in the Cornbelt.
Model
To empirically examine the adoption of new
tillage systems and the effects of adoption on
chemical use and crop yield, a recursive model
is developed and estimated. The first equation
specifies the optimal choice of mechanical till-
age. Since adopting a new tillage system may
involve significant learning costs, affect crop
rotations, and require new machinery, it is
likely to be made over a multiyear time hori-
zon. In the model, the selection of the tillage
system j is assumed to be a discrete choice
among J + 1 alternatives (i.e., j = O, 1, 2, . . . .
J) and is indicated by a dummy variable, TJ =
1. Farmers are assumed to select the tillage
system that maximizes expected utility over
the planning horizon, where the expected util-
ity of choice j can be written in the form U~(Z)
= 13jZ + Ej.The first term 13~Zis nonstochastic
and reflects the “representative” preferences
of farmers with attributes Z. The error term ~~
is stochastic and reflects the effects of idio-
syncrasies in preferences, unobserved varia-
tions in attributes, and measurement error.
Vector Z contains observed factors that deter-
mine tillage choice such as the relative prices
of inputs, farm operator characteristics, farm
resource endowments, policy, and institutional
variables.
McFadden showed that if ~, has a Weibull
distribution, then the probability PJ that a
farmer with characteristics Z chooses j is giv-
en by
(1) P, = Prob(T, = 1) =
exp(p~ Z)
1 + ~ exp(~j Z)
,=,
j=l,2, . . ..J
where 13is a vector of parameters which sat-
isfy log(P,/Pj) = (~, – @,)fZ. This is the mul-
tinominallogit model. Note that the model has
been normalized on TO(i.e., once probabilities
for T1 through T~are known, T(Jis given since
the probabilities sum to one). Estimation of
the parameters in equation (1) provides infor-
mation on the influence of resource character-
istics, farm size, human capital, policies, and
other variables on the pattern of technology
adoption and can help identify constraints to
further adoption.
One limitation of the multinominal logit
model is that it assumes the independence ofFuglie: Tillage and Pesticides 135
irrelevant alternatives, or the 11A property
(Hausman and McFadden). This property im-
plies that if a new choice is added to or re-
moved from the set of alternatives, the prob-
ability y ratios between the existing alternatives
are not affected. In other words, adopters of
the new choice should come from users of the
existing alternatives in equal proportions so
that the odds ratios Pi/PJ are unchanged. This
is a strong behavioral assumption but one that
can be easily tested. The Hausman-McFadden
specification test for the 11A assumption is
based on the notion that if a subset of the
choice set is irrelevant, then omitting it from
the model altogether will not change the re-
maining parameter estimates significantly.
However, if the odds ratios are not indepen-
dent of an omitted alternative, then the param-
eter estimates obtained when a choice is omit-
ted will be inconsistent with the set of
estimates using the full data set. The specifi-
cation test statistic is
(2) x’ = (p, - I&)’ [v, - v,]-’ (p, - (3,)
where 13,is a K X 1 vector of estimates from
the restricted set of choices, & is the corre-
sponding set of estimates from the full set of
choices, and V, and Vf are the estimates of the
covariance matrices. Under the null hypothesis
that & = &, the statistic has a X2 distribution
with K degrees of freedom.
While the decision to adopt technology is
assumed to be made over a multiyear time ho-
rizon, farmers make seasonal or annual deci-
sions on variable inputs used in production.
Let crop yield Y be a function of variable in-
puts X, tillage choice Tj (a fixed factor in the
short-run), and resource endowments R. Farm-
ers are assumed to make decisions on variable
input use primarily on the consideration of
short-run per acre profits (m), given by
T = PYY(X, T,, R) – PX X
where PY and PX are output and input prices,
respectively. Under the standard assumptions
of a quasi-concave production function, price-
taking behavior and profit maximization, op-
timal input use is a function of prices and fixed
factors:
(3) X* = X(PY, PX, T,, R)
where X* is the choice of X that maximizes
profits.
A difficulty in estimating equation (3) with
cross-sectional survey data is that there may
be little variation in prices among observa-
tions in the sample. Price variation among ob-
servations in the sample is likely to be corre-
lated with geographic location or other farm
characteristics such as farm size. For example,
larger farms may pay lower prices for inputs
due to quantity discounts or preferential credit
terms. Using a cross-sectional sample of ob-
servations, optimal per acre variable input use
is modeled as:
where G is a set of dummy variables for geo-
graphic locales, S is farm size, R is a set of
farm resource endowments and cropping prac-
tices that may affect the marginal productivity
of variable input use, and TJis the tillage sys-
tem. The error term v, is assumed to be in-
dependently and identically distributed, and y,,
and a,, are parameters to be estimated. The
per-acre crop production (yield) function is es-
timated directly as:
J
+ ~ cx2jTj+ V2
j=,
where k = 1,. ... K is the number of variable
inputs X.
The system of equations (l), (4), and (5) is
a recursive model of technology adoption. Es-
timates of the parameters of equation (1) pro-
vide information about the factors that deter-
mine the adoption of new resource-conserving
technology. Estimates of ~lj and CtzJ in equa-
tions (4) and (5) show the effect of technology
adoption on input use and crop yield. For ex-
ample, if a ,J>0, then adoption of tillage sys-
tem j (i.e., TJ = 1) resulted in an increase in
input use per acre. Equations (4) and (5) are136 Journal of Agricultural and Applied Economics, April 1999
Table 1. Tillage Systems and Herbicide Use in the Study Area
Observa- Corn Herbicide application
tions area Pre- Post-
Tillage System n (%) emergence emergence
Conventional tillage with moldboard plow 180 11.5 1.45 3.32
Other conventional tillage systems 288 17.2 1.14 2.83
No till 195 14.1 1.83 3.07
Ridge till 85 5.6 1.57 2.80
Mulch tillage systems 677 51.5 1.52 2.98
All 1,425 100.0 1.52 3.02
Herbicide application rate is total lbs/acre of active ingredient based on fields where at least some herbicide was
applied.
estimated by two-stage least squares (2SLS)
using the estimated probabilities of tillage
choice from equation (1) as instruments for TJ.
The model was estimated using Limdep Ver-
sion 6 by Greene.
Data
Data are from the Area Studies Survey con-
ducted by the United States Department of
Agriculture (USDA). This survey was a col-
laborative effort by the USDA’s Natural Re-
source Conservation Service, National Agri-
cultural Statistics Service, and Economic
Research Service, and the U.S. Department of
Interior’s Geological Survey to investigate re-
lationships between agricultural practices and
water quality. The survey links resource data
from the National Resource Inventory and the
SOILS-5 database with information about
farm characteristics and production practices.
In each of twelve survey areas, an area-frame
sample of points was selected and data were
collected for the field in which a sample point
fell (limited to one observation per farm).
Farm operators were interviewed about crops
grown, yield, production practices, and chem-
icals applied in the sample field, in addition to
general information about the farm. For the
present study, fields planted to corn in the
Midwestern survey areas were selected.z In
2The four survey areas include the following Na-
tional Water-Quality Assessment Program (NAWQA)
watersheds: the White River Basin in Indiana and the
Central Nebraska Basins surveyed in 1991, and the
Eastern Iowa Basins and the Lower Illinois River Ba-
sin surveyed in 1992.
these four areas, 4,883 agricultural fields (or
farms) were sampled and 3,864 personal in-
terviews with the farm operators were com-
pleted during 1991 and 1992. Of these, 1,425
farmers grew some corn in the sample fields
during the survey year. In the statistical anal-
ysis, each observation is weighted by the size
of the field divided by the probability that the
field was selected to give a spatially represen-
tative sample.
The most common tillage system employed
by the sample was mulch till, covering 47.5%
of the observations and 51.5% of the area in
corn (Table 1). Conventional tillage with a
moldboard plow was used on 11.5% of the
corn area and other conventional tillage sys-
tems (mainly chisel plow) were used on an-
other 17.2%. No till covered 14.1%, and ridge
till the remaining 5.6% of corn acreage. Table
1 also shows average application rates for pre-
and post-emergence herbicides by tillage sys-
tem on fields where at least some herbicide
was applied. All tillage systems relied upon
post-emergence herbicides to a greater degree
than pre-emergence herbicides, although con-
servation tillage systems applied a slightly
larger proportion of herbicides after crop
emergence than conventional systems. The
differences in mean application rates among
tillage systems are not statistically significant,
however.
Table 2 defines the variables used in the
model. Tillage systems were grouped into (i)
conventional tillage with or without a mold-
board plow, (ii) no till, and (iii) other types of
conservation tillage (mulch till or ridge till).Fuglie: Tillage and Pesticides 137
TabIe2. Variables in the Model
Std.






























$/acre for all herbicides applied to com
$/acre for all insecticides applied to corn
$/acre for nitrogen, phosphate, and potassium
Pesticide leaching potential index
Potential exposure index for acute toxicity (health haz-
ard)
lblacre of atrazine herbicide applied to com
bu/acre
1 if subject to conservation compliance
1 if have developed a conservation plan
1 if have some post-secondary formal education
log (years of farming experience)
log (acres operated)
1 if own sample field
time worked off the farm (days per year/365)
1 if sample field is irrigated
1 if rotate crops in sample field
Pierce index of soil quality (value from 0.00 to 1.00)
1 if low soil leaching potential (SLP < 100)
1 if moderate soil leaching potential (100 s SLP <
146)
1 if high soil leaching potential (SLP a 146)
1 if low potential soil erosion (< 0.4 cndyear)
1 if moderate potential soil erosion (0.4 to 0.8 cnd
year)
1 if high potential soil erosion (= 0.8 cm/year)
log (average annual frost-free days)
log (average annual rainfall)
1 if sample field is in Iowa or Minnesota
1 if sample field is in Illinois
1 if sample field is in Indiana



























































Conventional tillage is defined as the numer-
aire tillage system (j = O). Socioeconomic
characteristics of the farm hypothesized to af-
fect tillage adoption include farm size, land
tenure, farmer education, and farm manage-
ment experience. Lee and Stewart found that
larger, owner-operated farms were more likely
to adopt conservation tillage, although their
finding concerning tenure was disputed by
Heimlich. Rahm and Huffman observed a pos-
itive association between human capital and
adoption of conservation tillage. Cropping
system characteristics that may constrain the
choice of tillage system include the use of ir-
rigation and crop rotation.
The model also includes two conservation
policy variables. Both technical assistance
programs and economic incentives have been
used to encourage adoption of soil conserva-
tion practices such as conservation tillage.
Farmers may voluntarily seek technical help
from the Natural Resource Conservation Ser-
vice to develop a conservation plan, but are
generally not required to follow the plan’s pro-
visions. However, if a farmer receives agri-
cultural program benefits and farms highly
erodible land, then he or she is subject to con-
servation compliance, in which a soil conser-
vation plan must be implemented or the farmer
risks losing program benefits. Whether a farm-138 Journal of Agricultural and Applied Economics, April 1999
er received technical assistance in developing
a conservation plan or was subject to conser-
vation compliance are treated as dummy var-
iables in the adoption model to represent the
two policy approaches. Note however that
since nearly all sample farms that were subject
to conservation compliance also had a conser-
vation plan, the compliance variable essential-
ly combines economic incentives with tech-
nical assistance.
Three indicators of resource characteristics
that may affect tillage choice are included in
the model: inherent soil quality, soil erosion
potential, and soil leaching potential. Soil
quality is measured by the ability of a soil to
hold and deliver nutrients and water to plant
roots for optimal plant growth according to the
model developed by Pierce et al. Thus, inher-
ent soil quality is independent of nutrient or
water availability, which may be supplied
through fertilizers and irrigation. Soil erosion
potential is measured by the physical param-
eters of the Universal Soil Loss Equation
(Wischmeier and Smith) and Wind Erosion
Equation (Woodruff and Siddoway) and divid-
ed into high, moderate, and low categories ac-
cording to Bills and Heimlich. Soil leaching
potential (SLP), which is related to soil drain-
age, is measured by an index developed by
Weber and Warren and divided into low, mod-
erate, and highly leachable categories. Be-
cause sampled fields in the Area Studies Sur-
vey are linked to the National Resource
Inventory and the SOILS-5 database, values
for these indices are derived uniquely for each
sample field based on its specific physical
characteristics (see the Appendix for more de-
tail on these soil and resource indices).
Climate variables included in the model are
the average length of the growing season and
average annual rainfall and are based on 30
years of county-level data. Previous research
has found that conservation tillage, especially
no till, may not perform well in areas with
poorly drained soils, short growing season,
and high rainfall (Crosson).
Chemical input use is measured as the per-
acre expenditure for herbicide, insecticide, and
fertilizer, respectively. Using prices to weight
the quantities of different chemical com-
pounds applied captures some of the quality
attributes of the chemicals, such as potency,
but may not take into account other quality
attributes, such as the risk a chemical poses to
the environment or human health (Beach and
Carlson). Regressions using the total quantity
of chemicals applied (pounds of active ingre-
dients per acre) gave similar results as expen-
ditures, however, since pesticide expenditures
and quantities applied are highly correlated in
the sample.
As previously noted, adopting conservation
tillage systems may involve switching to new
types of chemical compounds which may have
different environmental and health-risk attri-
butes that are not reflected in comparisons of
quantities applied or expenditures. For exam-
ple, for a given soil type, certain chemicals
pose a larger risk to ground water because
they are more likely to leach through the soil.
Chemicals with a longer half-life (i.e. they
persist longer in the environment) may have
higher environmental and health risks than
chemicals that degrade quickly into inert com-
pounds. Some chemicals present larger risks
to human health in either the short-term (acute
toxicity) or long-term (chronic toxicity, or
cancer risk). To examine these issues, regres-
sions were run using various measures of the
risks to ground water and human health of the
chemicals applied in a field. To construct these
measures, the amount of each herbicide and
insecticide compound applied was weighted
by specific environmental and health-risk at-
tributes and aggregated together (see the Ap-
pendix for details on how the indices for pes-
ticide leaching potential, acute toxicity, and
chronic toxicity were constructed). These
measures of environmental and health risk
have limitations, however. For example, they
do not account for possible synergistic effects
from applying several chemicals together.
Moreover, they only measure potential, rather
than actual, exposure or risk. Nevertheless, the
indices do indicate whether the types of chem-
icals applied with conservation tillage systems
have relatively undesirable environmental and
health attributes compared to chemicals used
with conventional tillage.Fuglie: Tillage and Pesticides 139

































































Coefficients for conventional tillage have been norrnahzed to 1,0.
** Significant at 5% level; * significant at 1O% level.
Goodness of fit measures:
X2(38) of regression = 304.6,
Veall and Zimmermann’s pseudo R2 = 0.27
Frequencies of actual and predicted outcomes:
Predicted
Actual o 1
O—conventional tillage 180 6
l—no till 34 19





















































Tests for the 11A assumption were carried out
by first estimating the model with all three
choices, and then dropping one choice and re-
estimating the model with the smaller data set.
The Hausman-McFadden test statistic was es-
timated using the appropriate pair of parame-
ter vectors from the regressions according to
equation (2). Under the null hypothesis that
the parameters from the pairs of regressions
are equal, the estimated Xz statistics are 1.74,
1.45, and 0.38, far below the critical value for
the Xz test (38.6, at the 570 level of signifi-
cance). Thus, the 11A hypothesis cannot be re-
jected, implying that farmers consider choices
among these three classes of tillage systems
independently, rather than, say, as a decision-
tree. However, the 11A property may not hold
if finer distinctions are made among tillage
systems.
The estimates from the multinominal model
of tillage choice are presented in Table 3,
along with several measures of goodness-of-
fit for the model. The frequency of predicted
to actual outcomes is 820 out of 1,425 cases,140 Journal of Agricultural and Applied Economics, April 1999
Table 4. Partial Effects of Variables on Tillage Adoption
Other Conservation
Conventional Tillage No Till Tillage
Partial Partial Partial






































































































































Partial effect is the change in the probability of adopting tillage system j given a one-unit change in Z~. For continu-
ous variables, the partial effect is given by dPJdZ~ = PJ~(Bj~ – ~j . ~PJ~BJJ.For dummy variables, the Partial effect
is found by calculating Prob(Z~ = 1) — Prob(Z~ = O), holding other variables constant at their mean values. Estima-
tion of the standard errors of the partial effects is described in Greene. The constant term has been omitted from the
table.
** Significant at 5~o level; * significant at 10% level.
or 57.5% correct predictions, although the pre-
diction for no-till adoption is poor (only 19
out of 195 cases). One limitation of this mea-
sure of goodness-of-tit is that it gives all the
weight to the alternative receiving the highest
predicted probability and ignores possible pre-
dictive error in the model. For example, sup-
pose the predicted probabilities for conven-
tional tillage, no till, and other conservation
tillage systems are arranged in order, PO, PI,
and P2. If the model estimates predicted prob-
abilities of adoption for two farms as (0.34,
0.33, 0.33) and (0.90, 0.05, 0.05), respectively,
it would “predict” the first alternative, con-
ventional tillage, for each, giving no account
to the higher likelihood of predictive error in
the first case. In a comparison of several al-
ternative goodness-of-fit measures for a logit
model, Windmeijer found that the Veall-Zim-
mermann psuedo-R2 was close to a “true” R2,
while the predicted probabilityy (percent of cor-
rect predictions) performed the poorest among
the alternatives examined. For this model, the
Veall-Zimmermann psuedo-R2 is 0.27.
The coefficients of the multinominal model
themselves are difficult to interpret, so partial
effects are reported in Table 4. The partial ef-
fect is the change in the probability of adopt-
ing a tillage system resulting from a one unit
change in the value of the explanatory vari-
able. For dummy variables, the partial effect
with respect to variable Z~ is found by taking
the difference in the predicted probabilities
calculated at Z~ = 1 and Z~ = O, holding other
variables constant at their mean values. Note
that the partial effects sum to one, so that an
increase in the probability of adopting one till-
age system implies a decrease in the proba-
bility of adopting another system.
The results in Table 4 show that farmersFuglie: Tillage and Pesticides 141
who used conventional tillage tended to be
those without college education, below-aver-
age experience, farming a relatively small
area, without a conservation plan (technical
assistance), and using irrigation. There was a
strong correlation between conservation till-
age adoption and farm size, which may be due
to economies of scale or greater demand for
labor-saving technologies. College-educated
farmers were more likely to adopt conserva-
tion tillage systems like mulch till or ridge till
(other conservation practices), while farmers
with off-farm jobs were more likely to adopt
no till. College may serve to enhance farmers’
ability to learn and adapt new technology to
their farming situation, thereby reducing adop-
tion costs (Rahm and Huffman). The relation-
ship between no till, college, and off-farm
work is also consistent with the hypothesis
that conservation tillage is more likely to be
adopted by farmers who have a higher oppor-
tunity cost of labor due to off-farm employ-
ment options.
Land ownership had no significant effect
on the choice of tillage system, which supports
earlier empirical findings by Heimlich. While
theory predicts that tenant farmers would in-
vest less in soil conservation than owner-op-
erators (McConnell), empirical evidence does
not appear to bear this out, at least with respect
to adoption of conservation tillage. In some
cases adoption may be motivated by short-run
cost savings rather than long-run consider-
ations of soil erosion. Another possible expla-
nation is that the interests of land owners and
tenant farms may converge if tenancy contacts
are long-term, based on crop shares instead of
cash rents, and between family members (Dill-
man and Carlson).
In fact, for many farms the choice of tillage
system was significantly influenced by poten-
tial soil erosion, Conventional tillage was least
likely to be used on moderately or highly
erodible soils. There was a higher likelihood
of no till adoption on moderately erodible soils
while other conservation tillage systems were
chosen more often for highly erodible soils.
Conservation policies (compliance and tech-
nical assistance) were more instrumental in in-
fluencing the adoption of no till than other
conservation tillage systems. Other resource
characteristics in the model were relatively un-
important in explaining tillage choice: soil
quality had no measurable effect on the selec-
tion of tillage type and there was no consistent
relationship between tillage choice and in-
creased soil leaching potential.
Tivo-stage least squares estimates of the ef-
fects of tillage choice and other variables on
chemical use and corn yield are shown in Ta-
ble 5. Soil leaching potential is included in the
chemical use equations to see whether ground
water concerns may influence producer behav-
ior. Neither the leaching nor erosion variables
are assumed to have much impact on yield in
the short run, so these variables are excluded
from the corn yield production function. A
missing variable from the chemical use equa-
tions is a direct measure of pest populations.
While climate and cropping systems variables
may partly account for recurring pest prob-
lems, seasonal weather patterns, and other fac-
tors also influence pest populations. This may
partly explain the relatively low explanatory
power (R-squares) of the chemical use equa-
tions.
The results in Table 5 reveal that tillage is
just one of several factors that influence agri-
chemical use in corn production. The adoption
of conservation tillage had mixed implications
for chemical use and a negative effect on
yield. Adoption of no till appears to have re-
duced expenditures on herbicide and fertiliz-
ers, but left insecticide use unchanged. Other
conservation tillage systems (mulch till and
ridge till) used higher levels of insecticides,
but herbicide and fertilizer use were unaffect-
ed. The finding that a reduction in mechanical
tillage did not increase reliance on chemical
tillage challenges some basic assumptions
about conservation tillage but is consistent
with other survey research (Bull et al.). One
possible explanation is that reliance on chem-
ical tillage may lessen once no till has been
practiced in field for several years (Sandretto).
Unfortunately, data limitations prevent us
from examining whether chemical use differed
between long-time users and recent adopters
of no till.
Other factors influencing agrichemical use142 Journal of Agricultural and Applied Economics, April 1999Fuglie: Tillage and Pesticides 143
Table 6. Factors Affecting Environment and Health Effects of Agricultural Chemical Use
(2SLS estimates)
Ground water Chronic Toxicity
leaching Acute Toxicity (lb/acre of
(PLP index) (PE index) Atrazine)



































































































Std. dev. of residuals 1.517 1.368 0.694
F-statistic 8.668** 7.801** 11.73**
R-squared 6.370 5.7V0 11.7%
** Significant at 5% level; * sigmficant at 10% level.
were the regional dummy variables, crop ro-
tations, irrigation, soil quality, and farm size.
Rotation increased herbicide costs (perhaps to
control for volunteer plants from previous
crops in the rotation) but reduced insecticide
costs, most likely due to the positive effects
of rotation on controlling insect pest popula-
tions such as corn root worm. Irrigated fields
received increased insecticide and fertilizer
application and recorded higher crop yield.
Fields with better soil quality received larger
doses of insecticides and achieved higher yield
even though fertilizer use was not significantly
affected. Finally, there was a positive corre-
lation between farm size, herbicide use, and
crop yield. Soil leaching potential appeared to
have had no significant effect on farmer’s de-
cisions to apply chemicals. However, even if
a farmer is concerned about the effects of
chemical leaching on the quality of ground
water, if ground water is an open-access re-
source there may be little individual incentive
to limit chemical use in response to such con-
cerns.
To further explore potential environmental
and health risks associated with changes in ag-
richemical use, Table 6 examines how pesti-
cide quality may be affected by tillage and
other factors. The results indicate that the type
of chemical pesticides applied to other con-
servation tillage systems (mulch till and ridge
till) may have a somewhat greater potential to
leach to ground water compared with conven-
tional tillage systems. However, this risk was
lower for no till, probably because of the sub-
stantial reduction in herbicide use indicated in
Table 5. Acute toxicity (primarily a property
of insecticides) was lower when crops were
grown in rotation and greater on better quality
soils—both factors associated with higher in-
secticide use. Even though other conservation
tillage systems also had higher insecticide ex-
penditures, there was no significant increase in
the acute toxicity index. This could be due to
differences in the types of insecticides applied
with these tillage systems. Chronic toxicity
(measured by the amount of the herbicide at-144 Journal of Agricultural and Applied Economics, April 1999
Table 7. Elasticities of Selected Factor Effects
Other
Conserv.

































0.063** 0.031 0.036 0.055**
–0.010 O.1O6** 0.024** 0.054**
0.084** –0.559** 0.008 0.038**
–0.066* 0.154 –0.074** –0.043**




** Regre~~ion coefficient significantat 5vo level; * significant at 10% level. Constant term, naturai resource, chmate,
and state dummy variables have been omitted from the table.
razine applied3) was not significantly affected
by tillage but was higher for larger farms,
which also had higher herbicide expenditures.
The coefficient estimates from the regres-
sions are translated into elasticities (calculated
at the means of the variables) in Table 7. The
elasticities provide a convenient way to quan-
tify the effects of changes in the attributes of
a “representative” farm on the dependent var-
iables in the model. For example, increasing
the likelihood by 190 that the representative
farm is subject to conservation compliance in-
creases the probability of no till adoption by
0.092%. The increase in no till adoption
would change average herbicide use by
(0.092) X (–0.066) = –0.006% and fertilizer
use by (0.092) X (–0.074) = –0.007Y0. Av-
erage corn yield would be reduced by the di-
rect yield penalty of no till and by the reduc-
tion in input use, which sum to a 0.004%
decline in average yield.
The elasticities can also be used to trace
through the potential effects of some demo-
graphic changes occurring in U.S. agriculture,
Over the next decade a significant proportion
3Atrazine is the most commonly used herbicide on
corn and has been found to produce cancer in labora-
tory animals,
of farm operators are expected to retire since
nearly half are 55 or older (Hoppe). The farm-
ers who will replace them are likely to be bet-
ter educated and farm larger areas, factors
which are associated in the model with a high-
er likelihood of adoption of conservation till-
age. The model predicts that further diffusion
of conservation tillage would reduce herbicide
and fertilizer use, increase insecticide appli-
cation, and lower corn yield. But an increase
in average farm size would also have a direct
positive effect on herbicide use and corn yield.
In fact, the direct effect on yield is likely to
be much larger than the negative yield effect
from conservation tillage, according to the
model. For example, considering only the sta-
tistically significant effects, an increase of 1%
in average farm size would increase the like-
lihood of no till adoption by O.172% and other
conservation tillage systems by 0.072Y0. To-
gether, these changes in tillage systems (and
the subsequent changes in input use) would
reduce average corn yield by 0.01590. But the
direct effect on yield of the increase in farm
size is 0.057$%0,nearly four times the negative
effect of conservation tillage. Thus, the net ef-
fect of larger farm size on both the diffusion
of conservation tillage and corn yield is likely
to be positive.Fuglie: Tillage and Pesticides 145
Conclusions
The diffusion of conservation tillage systems
in the Cornbelt has contributed to a significant
reduction of soil erosion. It has, however,
raised concerns that if such systems are more
dependent on agrichemicals some of the en-
vironment benefits from less erosion could be
offset by the potential environmental and
health risks posed by pesticides and fertilizers.
This paper developed a recursive model to
evaluate the effects of tillage choice on agri-
chemical use and corn yield using a sample of
farms from several Cornbelt states. Statistical
tests for the 11A property found that the mul-
tinominal logit model was an appropriate spec-
ification for the choice among three tillage
systems: conventional tillage, no till, and other
conservation tillage systems (mulch till and
ridge till).
At the time of the survey, more than two-
thirds of the sample were using one or another
form of conservation tillage, and only 12.6%
still used a moldboard plow for tillage. Policy
provisions such as conservation compliance
and the conservation extension services were
significant factors explaining the adoption of
conservation tillage systems, particularly no
till. In addition, the level of potential soil ero-
sion was positively correlated with the pattern
of conservation tillage adoption. The results
also found that larger farm size, college edu-
cation, and having off-farm work were impor-
tant factors explaining the adoption of conser-
vation tillage. These variables are associated
with a higher opportunity cost of farm labor,
suggesting that reducing labor costs may be a
primary motivation for many farmers to adopt
less-intensive tillage systems. Larger farm size
and better education may also reduce per-unit
adoption costs (such as the per-acre costs of
acquiring new equipment and learning new
tillage management methods).
The empirical findings on the effects of
conservation tillage adoption on agrichemical
application rates challenge some basic concep-
tions on the potential tradeoffs between me-
chanical and chemical tillage. Herbicide and
fertilizer expenditures appeared to have actu-
ally declined following the adoption of no till,
and were not significantly affected by the
adoption of other conservation tillage systems.
The model did, however, find some evidence
that insecticide expenditures increased follow-
ing the adoption of other conservation tillage
systems such as mulch till and ridge till. The
adoption of conservation tillage systems also
appeared to result in a crop yield penalty.
New tillage systems may also involve qual-
itative changes in the types of pesticides ap-
plied, which has implications for environmental
and health risks associated with agrichemical
use. The reduction in herbicide expenditure fol-
lowing the adoption of no till was found to
significantly reduce the potential of pesticides
to leach to ground water. However, chemicals
applied to other conservation tillage systems
appeared to pose a greater risk to ground water.
Conservation tillage did not appear to have had
any significant effect on the level of acute or
chronic toxicity of applied pesticides. Fields
planted with crop rotations reported signifi-
cantly lower insecticide expenditures and lower
acute toxicity levels than fields planted to con-
tinuous corn. However, the methodology for
measuring the environmental and health risks
of different combinations of chemical pesti-
cides has serious limitations, and further explo-
ration of this issue is needed.
The model predicts that the diffusion of
conservation tillage will be positively affected
by the current demographic shifts anticipated
for U.S. agriculture, particularly continued
consolidation of farms. It is likely that an ex-
pansion of conservation policies would also
increase the use of conservation tillage. In par-
ticular, the expansion of no till would likely
result in significant environmental benefits in
the form of reduced soil erosion and carry lit-
tle or no increased risk to ground water or
health from changes in pesticide use. To the
extent that demographic trends such as im-
provements in farmer education and growth in
average farm size lead to further adoption of
conservation tillage, potential yield penalties
from conservation tillage are likely to be off-
set by the direct positive effect on yield as-
sociated with these demographic changes.146 Journal of Agricultural and Applied Economics, April 1999
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Appendix: Natural Resource and Health-
Risk Indices
The NRI and SOILS-5 databases, together with
data on pesticide characteristics, are used to con-
struct several measures of farmland quality, natural
resource vulnerability, and health risk from farmFuglie: Tillage and Pesticides 147
pesticide use. Sources of data for the toxicity prop-
erties of agricultural pesticides are the Crop Pro-
tection and Chemicals Reference and the Farm
Chemicals Handbook.
For soil quality, defined as the soil’s ability to
deliver nutrients and water to roots for plant
growth, the index developed by Pierce et al. is
used:
where WF, is a weighting factor for soil horizon i
based on its depth, A, is the sufficiency of the avail-
able water holding capacity for horizon i, B, is the
sufficiency of bulk density, C, is the sufficiency of
pH, and n is the number of soil horizons or layers
in the root zone. Potential crop yield is reduced if
one of the soil properties falls below a threshold
level. If all factors are at or above their threshold,
then the value of Q achieves is maximum of 1.00.
The difference between 1.00 and the estimated val-
ue of f) is the percent yield loss due to suboptimal
soil conditions.
Potential soil erosion due to rainfall and wind
is measured from the physical components of the
Universal Soil Loss Equation (USLE) and the Wind
Erosion Equation (WEQ). The inherent soil erod-
ibility of a field due to rainfall (sheet and rill) is
measured by a multiplicative relationship among
rainfall (R), soil type (K), slope length (L), and
steepness (S) (Wischmeier and Smith). WEQ de-
termines the amount of soil erosion from wind as
a function of a soil erodibility index, a soil ridge
roughness factor, a climatic factor, field length,
wind erosion direction, and vegetative cover
(Woodruff and Siddoway).
Another natural resource characteristic is the
potential of a soil to leach chemicals and pesticides
into ground water. Weber and Warren developed an
index of soil leaching potential (SLP) as a function
of a soil texture rating pH value and percent organ-
ic matter. Each of these factors is given a weight
and then summed to construct the SLP index for a
particular soil type.
The amount of pesticide to actually reach
ground water depends not only on the characteris-
tics of the soil but also of the pesticides applied.
For pesticide leaching potential, Weber and Warren
developed another index that weights the amount
of each chemical applied by the fraction of a chem-
ical that reaches the soil, its persistence in the en-
vironment (half-life, or THALF), and its soil reten-
tion factor (Koc):
PLP = ~ ‘HALF’ FkXZ
k=L KOCk
where F~is the fraction of the pesticide quantity Xk
that reaches the soil, for k = 1, . . . . n herbicide
and insecticide compounds. Thus, the risk that ag-
richemicals may leach to ground water depends
upon the properties of the soil (SLP) and the chem-
ical compounds (PLP).
TWO measures of health risk from chemical ap-
plication are acute and chronic toxicity. For acute
toxicity, Alt developed a pesticide exposure index
(PEI) in which the quantity of each chemical ap-
plied is weighted by its LD50 rating (which de-
creases as a chemical becomes more toxic to mam-
malian forms of life) and its persistence in the
environment:
PEI = ~ ‘HALFk X,.
k=l LD50~
For chronic toxicity we consider the application
rate for atrazine, the most commonly used herbicide
in U.S. corn production and which has been found
to cause cancer in laboratory animals.